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Abstract: Interfaces and mechanical properties of the NM400/Q345 composite plates 
fabricated under different reduction ratios were investigated. An increasing in the 
cumulative reduction ratio enhanced the bonding interface of the NM400/Q345 
composite plate by reducing the number of combinations with interfacial defects such 
as pores. The oxidation film at the interface was crushed and diffused after three 
passes of rolling (cumulative reduction ratio = 70%). The strength of the composite 
also increased with the increasing of cumulative reduction ratio. At the maximum 
cumulative reduction ratio (70%), the inter-diffusion of the matrix and composite 
metal was enhanced, and the microstructure became considerably refined. 
Furthermore, the elongation of the composite plate was decreased, which can be 
attributed to the reduced work hardening of the composite plate. 
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1. Introduction 
Improving the anti-wear ability of materials and the utilization rate of the 
wear-resistant alloy materials is the major priority in various industrial fields [1]. 
Friction and wear are commonly observed in coal mining and transportation 
 
 
equipment such as integrated coal mining machines, scraper conveyors, and mine 
hoists. Apart from diverting much manpower and material resources into maintenance 
and part replacement, the rapid wear of main components poses a serious safety 
hazard [2].  
To mitigate the failure of wear, researchers have investigated the wear 
performance of various new wear-resistant devices [3] and materials [4]. Valtonen et 
al. [5] studied the wear behavior of the cutting edge of a mining load-haul-dumper 
bucket under high-stress abrasion conditions. Das et al. [6] investigated the 
low-impact abrasion and low-stress sliding wear properties of Fe17Mn and Fe17Mn3Al. 
They revealed that hot processing could effectively improve the low-impact wear and 
low-stress sliding wear of the steel. Ojala et al. [7] reported the wear performance of 
the quenched wear-resistant steels in abrasive slurry erosion, and Lindroos et al. [8] 
studied the deformation and wear behavior of four high-strength wear-resistant steels 
under various impact conditions. 
In coal machine equipment, primary wear-resistant parts exhibiting considerable 
strength, toughness, high-temperature resistance, corrosion resistance, shock 
resistance, and cost performance can be constructed from the clad metal composites. 
Therefore, the development of efficient anti-wear composite materials is observed to 
reduce the wear and tear of coal mine machinery and improve its safety and reliability. 
Currently, the most common method in industrial production is the rolling composite 
method [9]. Surface welding technology, which incorporates wear-resistant composite 
materials into the parts of coal machine equipment, exhibits the disadvantages of poor 
quality, high cost, and low efficiency [10]. However, the application of clad 
metal-rolled wear-resistant composite materials is still immature; consequently, the 
preparation technology of the wear-resistant composite plate materials (which are 
urgently required for coal machine equipment) is underdeveloped [11]. The high 
residual stress of the product interface and the low joint strength as well as toughness 
have hampered the deep processing of such materials.  
However, the influence of reduction, heat treatment, and other processes on the 
bonding surface of the composite plate have not been clearly defined; in particular, 
 
 
the composite mechanism of the base metal and wear-resistant steel remains very 
vague. Zhao et al. [12] reported that the rolling reduction ratio influences the 
microstructure of the NM360/Q345R composite. Zhi et al. [13] studied the effect of 
rolling pressure on the microstructure and mechanical properties of the hot-rolled 
BTW\Q345R composite plates, where the micro-cracks in the interface bonding layer 
were minimized under a cumulative reduction ratio of 80%. Temperature and strain 
rate are the main factors that affect the microstructures and mechanical properties of 
rolled plates [14]. The composite plate cannot always be successfully bitten into the 
rolls under a large reduction ratio, placing high demands on the equipment and 
reducing the production efficiency. However, the composite plate cannot always be 
successfully bitten into the rolls under a large reduction ratio. Otherwise, Better 
equipment will be required and reducing the production efficiency. Zhi et al. [15] 
investigated that the loading mode affected the instability mode. To address this 
deficiency, this paper researches the effect of cumulative reduction on the interface of 
a rolled composite plate.  
Therefore, this study reports the effect of reduction ratio on the bonding interface 
and mechanical properties of the NM400/Q345R composite plates. After analyzing 
the micro-hardness, microstructure, and tensile mechanical properties of the 
composite plates, this study provides technical guidance of the composite interface 
toughness of the wear-resistant steel composite plates. 
2. Experimental procedures 
In the experiment conducted herein, the composite plate was a rolled plate 
NM400 (C≤0.25, Si≤0.7, Mn≤1.6, P≤0.025, S≤0.01, Cr≤1.4, Mo≤0.5, Ni≤1.0, 
B≤0.004) and the substrate was a rolled plate Q345R (C≤0.13, Si≤0.44, Mn≤1.52, 
P≤0.018, S≤0.0012, Al≤0.024). 
The sheets of steel were cut to a size of 100 mm×200 mm×6mm, and subjected 
to surface grinding and pickling; then welding assembly. The suction pipe was left in 
the joint because the gap should be vacuumed before the exhaust pipe was sealed. 





 Pa. Images of the fabricated composite plates are denoted in Fig.1. 
 
Fig. 1. NM400/Q345 composite plates under different rolling processes 
The composite plates were initially placed in a vacuum-atmosphere furnace at 
1200°C for 20mins, and then rolled and composited via different processes, as 
depicted in Fig.1. The rolling speed in all the processes was 0.2m/s... The first group 
of composite plate was rolled once at a reduction ratio of 30% and a rolling speed of 
0.2 m/s. The second group of composite plate was rolled twice (at reduction ratios of 
40% and 16.67% in the first and second passes, respectively; cumulative reduction 
ratio=50%), and the third group of composite plate was rolled three times (at 
reduction ratios of 40%, 33.33%, and 25% in the first, second, and third passes, 
respectively; cumulative reduction=70%). The NM400/Q345R composite plates were 
considered to be the final samples. 
The composite plates in each group were inscribed with a metallographic pattern 
in the thickness direction, ground, and polished. The microstructure was observed by 
an ultra-depth of field microscope (KeyenceVHX-5000) and a scanning electron 
microscope (SEM). Tensile samples were obtained from each composite sheet along 
the rolling direction and subjected to tensile tests on a universal testing machine. The 
mechanical properties and fracture morphologies of the rolled composite sheets were 
subsequently derived from the SEM observations of the fractured surfaces. 
3. Influence of the rolling reduction ratio 
3.1. Analysis of the NM400/Q345R micro-hardness 
Fig.2a denotes the distribution of test points for evaluating the micro-hardness of 



















steel Q345R used herein and 360≤HB≤430 for wear-resistant steel NM400. Fig.2b 
denotes the hardness value distributions near the bonding interface of the composite 
plate. The hardness value was significantly higher in the interface when compared 
with those in the base and cladding layers, and a sharp gradient was observed in case 
of micro-hardness from the base to the cladding side. 
As depicted in Fig.2b, the hardness value was measured across the composite 
plate perpendicular to the interface. From both the left side (Q345R of the base layer) 
and the right side (NM400 of the cladding layer), the hardness values gradually 
increased toward the bonding interface, and were maximized at the interface. The 
diffusion behavior of the metal elements under high-temperature rolling conditions 
caused related complex reactions between the constituent elements, forming 
compounds with large hardness values. The higher hardness of NM400 near the 
bonding interface when compared with that in the standard NM400 cladding can be 
attributed to the carbonization effects [16-17]. The hardness of the bonding interface 
was slightly higher than that of the base layer, indicating that there was a certain 
degree of work hardening at the interface. The results also verified that the cladding 
plate has a good combination effect on bonding. As the distances between the 
interface and the layers on both sides increased, the hardness values tended to be 
stable and close to the hardness of the layer itself. 


































Fig. 2. Hardness distributions of the NM400/Q345R near their interfaces: 
(a) distributions of hardness test point; (b) hardness value 
The interface hardness (near the NM400 side) increased with the increasing of 






the finer will be the grains and increasing amount of grain boundaries will exist to 
some extent. The grain boundary hinders the dislocation movement and increases the 
deformation resistance of the material, increasing the hardness value [18]. The 
hardness was slightly larger in the composite plate processed at a reduction ratio of 50% 
than in the plate processed at a reduction ratio of 70%. This phenomenon is related to 
the fact that the intermetallic compounds or defects at the bonding interface crushed 
and dispersed progressively and the hardness of the interface reduced increasing of 
reduction ratio. The hardness reduction enhanced the bonding strength of the 
composite interface. 
3.2. Effect of rolling reduction ratio on the microstructure 
 
Fig. 3. Microstructures of the NM400/Q345R composites under different cumulative reduction ratios:  
(a) 30%; (b) 50%; (c) 70% 
Fig.3 denotes the metallographic bonding interfaces of the NM400/Q345R 
composite plates processed at different reduction ratios. As can be observed from 
Fig.3a, the metals of the composite processed at a reduction ratio of 30% were mainly 















cladding layers was poor. An increase in the reduction ratio improved the diffusion of 
the elements together with the bonding force at the interface (Fig.3b and c). Most of 
the structures on the Q345R side were ferrites and pearlites. As the reduction ratio 
increased, the grain size near the interface of the composite plate elongated in the 
rolling direction. The grain size of the base layer Q345R and the cladding layer 
NM400 continuously decreased as the reduction ratio increased, and the pearlites 
changed from coarse to fine and uniform. This phenomenon was caused by grain 
recrystallization under the combined influence of large plastic deformations and the 
high temperature of rolling, which refined the microstructure and improved the 
mechanical properties. The results indicated that increasing the cumulative reduction 
strengthened the bonding of the NM400/Q345R composite and refined the 
microstructure to a certain extent [19].  
 
Fig. 4. Scanning electron microscope images of the NM400/Q345R composites under different cumulative 
reduction ratios: (a) 30%; (b) 50%; and (c) 70% 
Interfacial recombination in the wear-resistant steel-composite plate was further 
examined through SEM observations of the composite interface (see Fig.4). The 
NM400/Q345R interface, which was processed at a reduction ratio of 30%, contained 











low reduction ratios, when the interfacial metal flow is poor and the formed 
compound is incompletely crushed, which reduces the interfacial bonding. In the 
samples processed at cumulative reduction ratios of 50% (Fig.4b) and 70% (Fig.4c), 
the number of defects at the composite interface reduced; particularly in Fig.4c, the 
defects dwindled to only few small granular defects, and no clear interface is visible. 
This indicated a good composite effect, high homogeneity, and refined grains in the 
composite plate processed at high reduction ratio. Based on the interfacial 
microstructures of the NM400/Q345R composite plates processed at different rolling 
reduction ratios, it was concluded that the ferrite and pearlite structures were evenly 
distributed near the interface, and pearlites were distributed in a typical sheet shape. 
As the rolling reduction ratio increased, the size of pearlites and ferrites changed from 
coarse to refined. The structure was identical in the upper and lower part. The 
complete grain structure could be observed throughout the original interface, 
indicating the formation of strong metallurgical bonds on the interface [20-21].  
4. Effect of the rolling reduction ratio on the mechanical properties 
4.1 Analysis of the mechanical properties of NM400/Q345R 
Fig.5a shows that the tensile stress–strain curves of the composite plates 
processed at different reduction ratios. The tensile strength of the composite plate 
increased with increasing reduction ratio, but the increase was small (Fig.5b). When 
the cumulative reduction became 70%, the maximum tensile strength of the sample 
became 558.01 MPa. Conversely, the elongation decreased with increasing reduction 
ratio (see Fig.5c) and was minimized at 70%. This trend can be attributed to the 
increased deformation amount under high reduction ratios. Severe plastic deformation 
of the composite plate was also accompanied by work hardening, which became 
increasingly severe at higher cumulative reduction ratios. Consequently, the strength 
decreased, whereas the elongation increased. On the one hand, the strength of the 
composite was reduced by work hardening. On the other hand, the grain refinement 
generated by the rolling force improved the mechanical properties of the material. 
 
 













































































Rolling Reduction (%)  
Fig. 5. Mechanical properties of NM400/Q345R under different cumulative reduction ratios:  
(a) stress–strain curves; (b) strength results; (c) elongation results 
4.2. Analysis of fracture morphology near the interface  
The SEM images of the tensile fractures in the NM400/Q345R composite under 
different reduction conditions can be illustrated in Fig.6. The interface was more 
stratified in the sample processed at a cumulative reduction ratio of 30% (Fig.6a) 
when compared with that in the sample processed at a reduction ratio of 50% (Fig.6b), 
displaying slight interface stratification. In the sample processed at a reduction ratio 
of 70% (Fig.6c), interfacial layered cracks were absent and the tensile fracture 
characteristics confirmed a strong interface. Multiple microstrip cracks appeared 
along the rolling direction along with several fine pits. These features were complex 
fracture modes exhibiting the characteristics of cleavage and ductile fracture. 
However, as the reduction ratio increased, the pits gradually enlarged and became 
more even. Thus, a large cumulative reduction ratio can achieve the full diffusion 
behavior of the interfacial alloy elements. An increase in the cumulative reduction 





Fig. 6. Fracture morphology near the interface of NM400/Q345R under different rolling reduction ratios:  
(a) 30%; (b) 50%; (c) 70% 
 
Fig. 7. Fracture morphologies of Q345R under different cumulative reduction ratios: 
 (a) 30%; (b) 50%; (c) 70% 
Fig.7 reveals that the tensile fracture morphologies at the Q345R side of the 












and inconsistent depths were distributed around the near-interface fractures in all the 
samples. Small dimples were observed to gather around larger dimples. Because the 
inclusions were concentrated by tensile stress, composite plates were prone to fracture. 
As the reduction ratio increased, the dimple size tended to decrease. The number of 
small-sized dimples increased, whereas the number of irregularly shaped carbide 
particles decreased, indicating the gradual disappearance of the stress concentration. 
Based on the microstructure of the carbon steel side near the interface, increasing the 
cumulative reduction did not alter the internal composition of the matrix, and the 
carbide distribution remained relatively uniform. The samples resisted the external 
stretching force and diffused the stress concentration. Ultimately, the tensile strength 
of the composite was enhanced [22-23]. 
 
Fig. 8. Fracture morphologies of NM400 under different cumulative reduction ratios:  
(a) 30%; (b) 50%; (c) 70% 
Fig.8 displays the fracture characteristics at the NM400 substrate side of the 
composite under different cumulative reductions. The surface of the NM400 substrate 
fracture contained dimples of inconsistent size and shape. The dimples had significant 
depth and were approximately 2μm in diameter. The fractures contained fewer 





during the stretching process and the high plasticity of the composite sheet. At a 
cumulative reduction ratio of 30%, the dimples in the NM400 fractures were coarse 
and uneven. At a reduction ratio of 70%, the dimples increased in number and reduced 
in size, indicating that deformation improved the strength of the NM400 substrate. 
5. Conclusions 
(1) The microhardness value was the highest at the interface of the 
NM400/Q345R composite plate. This was because a high-hardness compound was 
formed at the interface even though work hardening also occurred therein. As the 
cumulative reduction ratio increased, the hardness at the interface initially increased 
and then decreased. Under a cumulative reduction ratio of 30%, many defects (such as 
holes) were observed at the interface. Therefore, the hardness value was the smallest 
at the intermediate reduction ratio (50%) when the defects were compacted but not 
properly crushed. Under a cumulative reduction ratio of 70%, the compounds were 
thoroughly crushed and diffused, reducing the interface hardness and improving the 
interface bonding status. 
(2) As revealed in the microstructure observations of the NM400/Q345R 
composite plate, increasing the reduction ratio improved the mutual diffusion of the 
constituents at the bonding interface, enhancing the composite effect. The NM400 and 
Q345R constituents can realize a wide range of metallurgical bonding layers. The 
oxide at the interface gradually disintegrated as the deformation increased, reducing 
the quantity of oxide along with the grain size. Finally, increasing the reduction ratio 
promotes the formation of bonding points at the interface, improving the bonding 
quality of the NM400/Q345R composite. 
(3) Increasing the cumulative reduction ratio significantly affected the 
mechanical properties of the NM400/Q345R composite plates; in particular, the 
tensile strength of the plates gradually increased and their elongation reduced. The 
tensile strength of NM400/Q345R was maximized at 1200°C and a cumulative 
reduction ratio of 70%. In the sample processed under these conditions, no cracking 
was observed at the bonding interface after stretching, and the interface exhibited a 
 
 
strong toughening effect. The rolling composite performance was relatively higher 
under these conditions when compared with that under the remaining processing 
conditions. 
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